Techniques are presented to detect 23 isozyme loci in the long
INTRODUCTION
An enormous number of electrophoretic data have been reported in the last decade describing patterns and amounts of genetic variation in natural populations of animals (Nevo, 1978) . These studies have been directed toward a variety of goals, e.g., assessing the amount of variation present, defining the O'MaHey, Allendorf, and Blake population structure of particular species, demonstrating the adaptive significance of protein variation, and defining taxonomic relationships. Similar studies on plant populations are less common and often are restricted to a small number of loci. The cellular structures, presence of inhibitory chemicals, and lower metabolic rate make plant material less amenable to electrophoresis (Feret and Bergmann, 1976) . It is critical, however, that a large sample ofloci be used in studies aimed at defining the genetic structure of natural populations (Nei and Roychoudhury, 1974) .
We initiated this study to develop methods allowing examination of the genetic population structure in a long-lived perennial plant, ponderosa.pine (Pinus ponderosa) . This species is widely distributed in North America, extending from the Fraser River Valley in British Columbia south to Mexico and from the Pacific Coast inland to Nebraska (Fowells, 1965) . Ponderosa pine is an economically important species in the northern Rocky Mountain region and has been the subject of intensive genetic research programs.
The tissue analyzed in this study was the megagametophyte (endosperm) from seeds. The conifer megagametophyte is a haploid food storage tissue meiotically derived from a single megaspore through a complex developmental sequence (Foster and Gifford, 1974) . The opportunities prm)ided by this aspect of the conifer reproductive system are tremendous; the segregation of isozyme variants can be analyzed without resort to breeding. The megagametophytes of an individual tree are expected to show a 1 : 1 ratio for the two alleles at a heterozygous locus. This haploid segregation in conifers has been confirmed in studies relating isozyme segregation in megagametophytes to the inheritance of isozymes in diploid offspring (Bartels, 1971; Simonsen and Wellendorf, 1975; Lundkvist, 1975 Lundkvist, , 1977 Rudin, 1975 Rudin, , 1977 .
This article (1) describes techniques allowing the examination of many isozyme loci in ponderosa pine, (2) describes the inheritance of genetic variation at 13 loci, and (3) provides a preliminary estimate of the amount of heterozygosity in this species.
MATERIALS AND METHODS

Samples
Ponderosa pine seeds were collected from ten stands in the northern Rocky Mountains (Fig. 1) . Four or five trees were selected in each stand for good growth characteristics, bole form, and freedom from disease and insect attack. Wind-pollinated seeds from each tree were collected and kept separate to form open-pollinated families. The stands were geographically and ecologically diverse and chosen to be representative of the variation in height growth and other traits reported by Madsen and Blake (1977) . 
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Seeds from each family were soaked in cold running water for about 4 hr, then refrigerated for 2-4 weeks in plastic bags filled with moist vermiculite. Hydrated stratified seeds are metabolically more active than dry, dormant seeds. The megagametophytes dissected from individual seeds were crushed in approximately 0.5 ml of distilled water. Sufficient homogenate was obtained from each seed to moisten three to six wicks for electrophoresis. Freezing and storage(-40 C) did not appear to affect enzyme activity.
Megagametophytes from six to eight seeds were analysed for each enzyme in each of the 47 families studied. Assuming 1:1 segregation of allozymes in heterozygous trees, the probability of misclassifying a heterozygote at a particular locus is (½)~-1, where k equals the number of megagametophytes analyzed per family. Tigerstedt (1973) and Morris and Spieth (1978) have presented the effect of this method of classification on estimates of population parameters. Where M is the proportion of heterozygotes misclassifted, the expected Hardy-Weinberg proportions are 
Electrophoresis
Twelve and one-half percent starch gels, ¼ or ½ inch thick, were used for electrophoresis. Two buffer systems were employed:
I. Described by Ridgway et al. (1970 Fildes and Harris (1966) .
Gel buffer: 0.005 M histidine, pH 7.0. Tray buffer: 0.41 M sodium citrate, pH 7.0.
System I was run at 250-300 V for 2-3 hr until the borate front had migrated 3-4 cm. System II was run at 100 V for 3-4 hr. The enzyme stains and methods used are described by Allendorf et al. (1977) .
Nomenclature
The nomenclature of isozymes follows Allendorf and Utter (1978) . An abbreviation is chosen to designate each enzyme; when in italics, these same abbreviations represent the loci coding for these proteins. In the case of multiple forms of the same enzyme, a hyphenated numeral is included; the form with the least anodal migration is designated 1, the next 2, and so on. Allelic variants are designated according to the relative electrophoretic mobility. One allele (generally the most common one) is arbitrarily designated 100. This unit distance represents the migration distance of the isozyme coded for by this allele. Other alleles are then assigned a numerical value representing their mobility relative to this unit distance. Thus an allele of the least anodal malate dehydrogenase (MDH) locus coding for an enzyme migrating 12% farther than the common allele product would be designated . When no enzyme activity can be observed, the allele is designated lOOn. If the activity of the allelic product, as determined by staining intensity, differs significantly from the activity of an alleleic product with identical mobility, it is designated by an r following the mobility designation. Multiple comigrating allelic products identifiable by activity differences are designated as rl, r2, etc.
RESULTS
Isozyme variation was screened in the megagametophytes from 47 trees. Twelve enzymes encoded by a total of 23 loci were analyzed; the allelic a Not used in population analysis because of insufficient activity for reliable scoring.
variation found is summarized in Table I and is presented diagrammatically in Fig. 2 .
Monomorphic Enzymes
Phosphoglucomutase (PGM), phosphomannose isomerase (PMI), and sorbitol dehydrogenase (SDH) each produced a single monomorphic zone of enzyme activity. Peptidase (PEP) displayed two monomorphic zones.
Polymorphic Enzymes
Isocitrate dehydrogenase (IDH) gels displayed a single polymorphic zone of enzyme activity (Fig. 3 ). Embryos showed a three-banded pattern in heterozygotes, which is in agreement with the dimeric structure of IDH in other organisms. Faint IDH patterns could be detected on many gels stained for NADP-dependent enzymes. Citric acid, a component in both buffer systems, was probably the substrate used. Gels stained for glucose-6-phosphate dehydrogenase (G6P), leucine aminopeptidase (LAP) (Fig. 4) , and phosphoglucose isomerase (PGI) each had two zones of enzyme activity, one monomorphic and one polymorphic. Electrophoretic variants in the polymorphic zone did not affect the migration or staining intensity of the isozyme in the monomorphic zone. This independence of expression is evidence that the isozymes in the two zones are encoded by separate loci. LAP has been found to be controlled by two loci in other conifers (Rudin, 1977) . G6P-1 did not stain consistently and could not be analyzed in all families. PGI-I stained lightly and did not resolve so sharply as the other isozymes but could be scored in all families.
The two polymorphic isozymes of 6-phosphogluconate dehydrogenase (6PG) were controlled by two loci 6PG-1 and 6PG-2. Two trees were polymorphic for both. The difference in migration between the two 6PG-2 variants was slight, and distinguishing genotypes in diploid tissue is difficult.
Aspartate aminotransferase (AAT) isozyme patterns consisted of at least four bands, one of which was cathodal. These isozymes may be associated with specific organelles as has been demonstrated in other plant species (Huang et al., 1976) . In ponderosa pine, the three anodal isozymes were controlled by three distinct loci, AAT-1, AAT-2, and AAT-3 ( only in one family and may represent two closely linked loci. It is more likely, however, that cathodal AAT is controlled by the same locus as AA T-1 since the same situation is found in pitch pine, Pinus rigida (Guries and Ledig, 1978) ; it is unlikely that such tight linkage associated with linkage disequilibrium could be found in separate species. AAT isozymes displayed threebanded patterns in embryos, suggesting that the AAT enzyme molecules are dimers in agreement with the reported structure of AAT in other organisms. Alcohol dehydrogenase (ADH) patterns consisted of three zones of activity; two of the zones were faint or absent on most gels. Only ADH-I stained darkly and consistently. Ponderosa pine ADH patterns are similar to those found for knobcone pine, P. attenuata (Conkle, 1974) . In other plants (e.g. Lupinus and Helianthus), the inheritance of ADH isozyme patterns has been shown to involve two loci, which produce three zones of staining (Marshall et al., 1974; Torres, 1976) . The intermediate zone is due to the formation of a heterodimer. The ponderosa pine ADH patterns appear to be consistent with this interpretation. Three alleles were detected at ADH-I: 100, 120, and 100r (Fig. 6) .
Malate dehydrogenase (MDH) isozyme patterns were complex, but interpretation was facilitated by the segregation of variants. The MDH isozymes were encoded by four loci, MDH-1, MDH-2, MDH-3, and MDH-4. MDH-1 did not stain consistently and is not included in the analysis. Variation at MDH-4 did not affect the other MDH isozymes (Fig. 7) . The MDH-2 and MDH-3 loci form a heterodimer in the megagametophyte, resulting in a three-banded pattern from haploid tissue which resembles the heterozygote pattern of a dimeric enzyme from diploid tissue. Three alleles were found for MDH-2: 100, 110, and lOOn. One family was found which segregated for both MDH-2 and MDH-3. The ponderosa pine MDH patterns are similar to those reported for sitka spruce (Picea sitchensis) (Simonsen and Wellendorf, 1975) .
Inheritance of Variation
Fourteen families were chosen for segregation analysis and to test the linkage relationships between loci. A tree heterozygous at a particular locus can be expected to produce gametes (megagametophytes) carrying the alternative alleles (allozymes) in a 1 : 1 ratio. Of the 53 segregation ratios studied (Table  II) , only three were significantly different from the expected 1 : 1. These results confirm the genetic basis of the electrophoretic variation reported here and are evidence that these isozyme variants are inherited as single gene traits.
Families were available to test 56 of the 78 possible two-locus combinations of the 13 polymorphic loci for nonrandom joint segregation, i.e., linkage (see Table III ). The linkage survey detected one linkage group consisting of three loci, ADH-1, AA T-2, and PGI-1 (Table IV) . The combinations ADH-1 :- 
Population Analysis
The genotypic data from the ten stands were initially pooled for analysis. The observed genotypic distributions are all in expected Hardy-Weinberg proportions (Table V) . There is a small proportional excess of heterozygotes at nine of the 12 polymorphic loci. We detected no obvious patterns of variation in the geographic distribution of alleles at the polymorphic loci. The sample size (four or five trees per stand) prohibited accurate comparisons. A series of 2 × 2 contingency ;~2 tests on the observed allele frequencies at the three most polymorphic loci (ADH-1, IDH, and 6PG-2) in the ten stands was performed; only four of the total 135 pairs of population comparisons show any significant (P < 0.05) differences at individual loci. a F, Estimated value of the generalized inbreeding coefficient for departures from Hardy-Weinberg (H-W) proportions. The )~2 value for departure from H-W proportions is a direct function ofF: )~2 = F2 N (Li and Horvitz, 1953) . None of the loci in this study exhibited significant departure from H-W proportions.
Average heterozygosity was estimated based on data from 20 loci. Twelve loci were identified by segregation analysis and the eight monomorphic isozymers were each assumed to be controlled by individual loci. The expected average heterozygosity (He) is defined by Nei (1975) as the mean heterozygosity (h) over all loci, where h = 1 -~_2pi 2, and pi is the frequency of the ith allele at a particular locus. The expected average heterozygosity (He) of P. ponderosa is estimated to be 0.127. The observed average heterozygosity (Ho) is slightly larger, 0.138. Thirteen of the 21 loci we examined through inheritance studies in ponderosa pine are polymorphic.
DISCUSSION
The segregation of isozyme variation in the megagametophytes from individual trees confirms the expected 1 : 1 Mendelian segregation in the gametes from heterozygotes. This feature of conifer biology can be used to demonstrate the inheritance of isozyme loci, and can be employed to study the organization of isozyme loci on chromosomes. Bergmann (1974) detected linkage between two esterase loci in the megagametophytes from a single spruce tree. In this study of ponderosa pine, the detection of linkage groups was facilitated by the large number of two-locus combinations available for testing. Linkage between an AAT and PGI locus, reported in this article for ponderosa pine, has also been found in pitch pine (Guries, personal communication) .
The amount of genie heterozygosity we have detected in ponderosa pine is relatively high in comparison with estimates in other plant species (Levin, 1975; Nevo, 1978) . The observed average number of heterozygotes per locus is 0.138, with 12 of 20 loci polymorphic in a sample of 47 trees.
The population data collected in this study were not intended to provide a basis for accurate estimates of population parameters, but the data do yield some information about the genetic structure of the ponderosa pine population in the northern Rocky Mountains. We expect any allele frequency differences between stands to cause an observed deficit of heterozygotes if all individuals are pooled in a single population sample (the Wahlund effect). We actually observed a slight average excess of heterozygotes. Nei (1975, p. 150 ) presents a method to partition genie diversity among different hierarchical levels of population structure. This method is a modification of Wright's F statistic analysis (Wright, 1965) extended to multiple alleles (Nei, 1973) . We can use this method to estimate how much of the total genetic variability in ponderosa pine detected with electrophoresis results from gene diversity within vs. between subpopulations (i.e., stands).
The mean gene diversity within each stand (Hs) is equal to the average proportion of heterozygotes per locus found within individual stands: Hs=O. 108. The total gene diversity (HT) is estimated by the expected HardyWeinberg proportions of heterozygotes using the mean allele frequencies at each locus for all stands averaged over all loci: Hr=0.123. The total gene diversity can be partitioned into the gene diversities within and between subpopulations:
where DsT is the average gene diversity between stands (DsT=O.O15). The relative magnitude of gene differentiation among stands can then be measured by Gsr = DsT/Hr = 0.122 Therefore, we estimate that approximately 12~o of the genetic variation detected electrophoretically is associated with genic differences between stands. These data suggest that ponderosa pine in the northern Rocky Mountains is not strongly geographically differentiated at the loci we examined. The stands chosen for analysis comprise an ecologically, geographically, and genetically diverse sample, representative of the range of variation found in Madsen and Blake's (1977) study of seedling characters and growth.
The comparison of our electrophoretic results with the quantitative genetic results of Madsen and Blake for these same populations provides some highly interesting information. They attribute 71.5% of the variability in 2-year height to within-and among-family variation, and the remaining 28.5% to among-stand variation. These two independent approaches (electrophoresis and quantitative genetics) thus closely agree on the proportion of total genetic variability attributable to within-and between-stand differences in the ponderosa pine of this region. Allendorf and Utter (1978) have suggested that electrophoretic analysis of genic diversity in populations can be used to complement the techniques of quantitative genetics in assessing the genetic variability in species of interest. Our present results support this contention in two separate ways. First, both of these techniques provide similar estimates of the distribution of genetic variability within and between stands of ponderosa pine. Secondly, Allendorf and Utter presented limited evidence that estimates of genetic variation within populations or species using electrophoresis can serve as an indicator of variability throughout the genome as a whole. A comparison of the results with ponderosa pine and the red pine (P. resionosa) is in agreement with this prediction. Both electrophoretic (this article) and quantitative (Madsen and Blake, 1977) results indicate a relatively high amount of genetic variation within populations of ponderosa pine. In comparison, the red pine is remarkably uniform with respect to a variety of quantitative characters (Fowler and Lester, 1970) . A corresponding low genic heterozygosity detected electrophoretically has recently been reported by Fowler and Morris (1977) . They found no genetic variation at an estimated nine loci in a sample of 297 megagametophytes representing 50-100 independently sampled genes at each locus.
Isozyme studies thus have obvious practical implications for tree improvement programs. For such programs to be successful, genetic variation must be present in traits of economic importance. Conventional methods to estimate amounts of additive genetic variation (heritability) are expensive and require years to obtain results. Isozyme variation, if it can serve as an indicator of genetic variability throughout the whole genome, may assist geneticists in the identification of species and populations which will demonstrate high levels of additive variation.
The use of megagametophyte tissue allowed us to achieve our original objective of examining many gene loci in ponderosa pine. The capability to examine many haploid segregants from a single tree provides a powerful technique to detect genetic variation electrophoretically. Allozymes which differ only slightly in electrophoretic mobility or differ in enzymatic activity can be readily identified and individuals genotyped. Such slight differences are either ignored or undetectable in most electrophoretic population studies. More intensive studies aimed at detecting as much of the genetic variation at a single locus as possible have revealed a wealth of hidden variation (e.g., Johnson, 1977; Coyne, 1976) . We intend to extend this intensive search for genetic variation to many loci in a single species by taking advantage of these techniques which allow us to detect variation in ponderosa pine. Mitton et al. (1977) have reported significant allele frequency differences at a single locus between adjacent groups of ponderosa pine found in different habitats. These authors interpret their findings as evidence for the action of natural selection at this locus, It is important that such studies aimed at specifying the genetic structure and the forces affecting the differentiation of natural populations examine many genetic loci. Any geographical pattern of distribution of gene frequencies for a single polymorphic locus can be explained by the random drift of neutral alleles if one is free to construct a suitable breeding structure (Christiansen and Frydenberg, 1974) . It is therefore of primary importance that such studies with ponderosa pine, and other organisms, include a large number of loci as described in this article.
